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Summary Early experiences affect brain development and thus adult brain function and
behavior. We employed a novel early experience model involving denial (DER) or receipt of
expected reward (RER) through maternal contact in a T-maze. Exposure to the DER experience for
the first time, on postnatal day 10 (PND10), was stressful for the pups, as assessed by increased
corticosterone levels, and was accompanied by enhanced activation of the amygdala, as assessed
by c-Fos immunohistochemistry. Re-exposure to the same experience on days 11—13 led to
adaptation. Corticosterone levels of the RER pups did not differ on the first and last days of
training (PND10 and 13 respectively), while on PND11 and 12 they were lower than those of the
CTR. The RER experience did not lead to activation of the amygdala. Males and females exposed
as neonates to the DER or RER experience, and controls were tested as adults in the open field task
(OF), the elevated plus maze (EPM), and cued and contextual fear conditioning (FC). No group
differences were found in the EPM, while in the OF, both male and female DER animals, showed
increased rearings, compared to the controls. In the FC, the RER males had increased memory for
both context and cued conditioned fear, than either the DER or CTR. On the other hand, the DER
males, but not females showed an increased activation, as assessed by c-Fos expression, of the
amygdala following fear conditioning. Our results show that the DER early experience pro-
grammed the function of the adult amygdala as to render it more sensitive to fearful stimuli. This
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programming by the DER early experience could be mediated through epigenetic modifications of
histones leading to chromatin opening, as indicated by our results showing increased levels of
phospho-acetyl-histone-3 in the amygdala of the DER males.
# 2013 Elsevier Ltd. All rights reserved.
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Early life experiences affect hypothalamus—pituitary—adre-
nal (HPA) axis reactivity, emotionality and fear-related beha-
vior. Early life stress, in the form of maternal separation
increases emotionality and anxiety (Holmes et al., 2005;
Penke et al., 2001) and affects fear conditioning (Kosten
et al., 2006; Stevenson et al., 2009), whereas a milder early
life manipulation, i.e. neonatal handling, reduces emotion-
ality and fear responses (Macri et al., 2004; Madruga et al.,
2006). Furthermore, qualitative differences in maternal
care, such as high amounts of licking and grooming of the
offspring, produces a ‘‘neophilic’’ animal that is more
exploratory of novel environments and less emotionally
reactive with a lower and more contained glucocorticoid
stress response in novel situations; poor maternal care leads
to a ‘‘neophobic’’ phenotype with increased emotional and
HPA reactivity and less exploration in a novel situation
(McEwen, 2007; Meaney et al., 1993).
In rodents, there are sex differences in HPA axis function
and emotionality. More specifically, female rats have higher
basal corticosterone levels and exhibit a faster and higher
stress-induced corticosterone response (Beiko et al., 2004);
activity and exploration, as well as unconditioned fear are
also higher in female than male rats (Archer, 1975). The use
of animal models of early experiences have documented that
males are more sensitive to the effects of manipulations of
mother-offspring interactions (Slotten et al., 2006; Wells,
1976).
Fear and anxiety-related behaviors depend mostly on
amygdalar function (Davis, 1992; LeDoux, 2003), and do
not emerge until the functional maturation of the amygdala,
which is dependent on corticosterone. In the rat, corticos-
terone levels during the stress hyporesponsive period (SHRP)
are maintained low through contact with the mother (Stan-
ton et al., 1987; Moriceau and Sullivan, 2006) and prevent
maturation of amygdala and thus fear learning, which
emerges later, toward the end of the SHRP, when stress-
induced corticosterone increase permits amygdalar activa-
tion (Moriceau et al., 2004). It should be noted that the end of
the SHRP coincides with the time at which the mother begins
to leave the pups more often in the nest for short periods and
to forage in the cage.
As clearly shown by the group of R. Sullivan (Moriceau
et al., 2004; Moriceau and Sullivan, 2006) and presented
above, contact with the mother is the stimulus regulating
stress-induced increase in corticosterone, amygdala matura-
tion, and the ability for fear learning. Thus in the present
work we employed a new experimental model (Diamanto-
poulou et al., 2011) which involves manipulation of the pup-
mother contact to study maturation of the amygdala and
emotionality in adulthood. More specifically in our model one
group of animals is denied the expected reward of maternal
contact (DER), while the other is granted it (RER). This model
allows the study of the effects of two different early lifeexperiences; one that involves a fair degree of adversity
(DER group), while the other one is of minor adversity, as it is
terminated by receipt of maternal reward (RER group).
Given the stressful characteristics of the DER experience,
we hypothesized that it would lead to increased corticos-
terone release in the neonates, with consequent amygdalar
activation, which would influence in a sex dimorphic way
emotionality/anxiety and, most importantly, fear memory
in adulthood. To evaluate this hypothesis, we measured
corticosterone plasma levels in the DER, RER and control
rat pups during the neonatal training and amygdalar activa-
tion following it, using c-Fos immunohistochemistry.
Furthermore, in adulthood emotionality and fear memory
of males and females of the three experimental groups were
evaluated, using the open field task, the elevated plus maze
and fear conditioning. The effects of the latter on corticos-
terone levels and amygdalar activation were also deter-
mined. Epigenetic modifications have been shown to
underlie the long-term effects of early experiences (Weaver
et al., 2004). We thus also determined in the amygdala under
basal conditions the levels of phospho-acetyl-histone-3
phosphorylated on serine 10 and acetylated on lysine 14
(pAcH3), which is present in transcriptionally active chro-
matin. Furthermore, we performed double immunolabeling
for pAcH3 and c-Fos following cue fear memory in order to
demonstrate that chromatin opening is linked to c-fos
expression.
2. Materials and methods
2.1. Animals
Wistar rats of both sexes born and reared in our colony were
used in these experiments. Animals were kept under stan-
dard conditions (24 8C, 12:12 h light/dark cycle) and
received food (Kounker-Keramari Bros. & Co., Athens,
Greece) and water ad libitum. Prior to the day of birth,
which was designated as postnatal day 0, each litter was
assigned randomly to either of the two experimental groups
[pups denied (DER) or receiving (RER) the expected reward],
or to the control (CTR — non-handled) group. In order to
maintain stable environmental stimulation of the pups,
instead of cleaning the cage, wood chip was added every
4—5 days, without disturbing either the pups or the dam. On
postnatal day 22, animals were weaned and housed in same-
sex, same group (DER, RER, CTR) of three-four animals per
cage. Overall, four different cohorts of animals were used
for different experimental procedures (Fig. 1). More speci-
fically, one cohort (#1) of animals was used for the experi-
ments during the neonatal period [postnatal days 10—13
(PND10—13)]. In this cohort, each group (DER, RER, CTR)
of each postnatal day consisted of n = 10  1 rat pups. Two
different cohorts of animals were used for the behavioral
experiments in adulthood: One (#2) was used for fear con-
ditioning (FC) and following it, c-Fos immunohistochemistry
Figure 1 Schematic representation of the experimental design.
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one (#3) for the elevated plus maze (EPM) and the open field
test (OF). In each of these two cohorts, each group (DER,
RER, CTR) consisted of n = 10  1 rats of either sex. An
additional cohort (#4) of animals was used for the determi-
nation of long-term epigenetic effects of early experiences
and in this cohort, each group consisted of n = 6 male and
n = 5 female rats. All animal experiments were carried out in
agreement with ethical recommendation of the European
Communities Council Directive of 24 November 1986 (86/
609/EEC) and of 22 September 2010 (2010/63/EU). All
efforts were made to minimize animal suffering and to
reduce the number of animals used.
2.2. Neonatal training in the T-maze
Briefly, all animals of each litter, were exposed either to the
RER or DER experience, starting from postnatal day 10 until
postnatal day 13. As previously described in detail (Diaman-
topoulou et al., 2011; Panagiotaropoulos et al., 2009), we
used a custom-made T-maze. At the end of one of its two arms
a small sliding door (9 cm  11 cm) permitted access to the
mother-containing cage when pups were trained under con-
tinuous reinforcement (RER) or remained always closed,
preventing entrance into the cage, when pups were trained
under the condition of denial of expected reward (DER). Each
pup of both groups (DER, RER) was subjected to 10 trials of
maximum 60 s duration per day. At the end of the other arm
of the T-maze another cage was placed, without access from
inside the T-maze, containing a virgin female rat for control
purposes.
On postnatal day 13, 2 h after their exposure to the last
training trial, pups were exposed to a single memory trial in
the absence of mother-elicited stimuli. Both cages (contain-
ing the mother of the pups and the control female animal)
were removed from the experimental set up, and the pups
were allowed to explore the T-maze for 60 s.
Animals subjected to the neonatal experience and the
controls were left undisturbed [with the exception of weekly
cage cleaning (performed carefully by the experimenter, inorder to minimize the disturbance of the animals)] until
adulthood (3 months old).
2.3. Maternal behavior
Behavioral observations were conducted as previously
described (Garoflos et al., 2008) for 8 DER, 8 RER and 8
CTR litters (from cohort #2, #3 and #4) on PND10, 11 and 12.
Maternal behavior was not recorded on PND13 since this
measurement for the DER and RER groups would not be
reliable, because it would overlap with the memory trial
and the consequent disruption of the litter. Four 30 min
observations were performed ‘‘blindly’’ as to the experimen-
tal group. The first measurements were performed immedi-
ately upon return to the home-cage (roughly around 13:30)
and then again at 15:30, 17:30, and 19:30. Each observation
session was performed by one of two observers with a very
good inter-observer agreement, as determined in a pilot
study (correlation coefficient, r > 0.95). During the 30 min
recording period each dam was observed every 5 min, yield-
ing six measurements per dam per each 30 min observation
period. Each dam was observed for 5 s which allowed for an
exact identification of the maternal behavior at that time
and a score of 1 was recorded for each specific behavior if it
was present and 0 if it was absent. The complete set of
maternal behavior data (Licking, Carrying, Arched-back nur-
sing, Blanket nursing, Passive nursing, Mother off pups,
according to Pryce et al., 2001) was collected from all litters
but herein we present the cumulative data for licking and
arched-back nursing as well as for ‘‘off pups behavior’’. The
total score for these behaviors obtained in all four observa-
tion periods per day is reported.
2.4. Behavioral testing in adulthood
2.4.1. Fear conditioning
Rats were tested in the conditioned fear paradigm, which was
an adapted version of that of Edinger et al. (2004) and
Sullivan et al. (2004). On the training day, rats were placed
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25 cm  25 cm  27 cm, Pansystems) for a habituation per-
iod of 4 min. Following habituation, a tone was presented
(5 kHz, 76 dB, 20 s), co-terminating with a footshock
(0.5 mA, 1 s). Pilot experiments showed that one tone-shock
pairing was enough for conditioning, which lasted at least 1
week. Contextual fear memory, mediated by the hippocam-
pus (Kim et al., 1993) was evaluated 24 h later: rats were
placed in the shock-box without the tone for 5 min. Rat
behavior was recorded by a video camera placed above
the open shock-box and the % of total time each animal
spent freezing was considered as an index of contextual fear
memory. Cued fear memory was assessed 48 h after the initial
conditioning, in a modified shock-box: a white cardboard was
inserted as a floor in the shock-box to cover the grid metal
bars delivering the shock. Furthermore the box walls were
also covered and thus modified, since the use of these specific
contextually distinct environments has been shown to limit
conditioned response to cue stimuli (Sullivan et al., 2003).
Each rat received five 20 s tone presentations alone (no
shock), with an inter-trial interval of 60 s. Group means were
calculated from the percent of time each animal spent
freezing during the presentation of each of the 20 s tones,
and presented as a ‘‘time-course’’ curve for cued fear mem-
ory retrieval and extinction.
2.4.2. Open field (OF)
We subjected the DER, RER and CTR animals (n = 10/group
per sex) to a 5-min open field test. The open field consisted of
a wooden square box, painted white, with sides and height of
60 cm, which was placed in a brightly illuminated room.
Testing took place between 0900 h and 1200 h, during the
light phase of the cycle. The open field arena was thoroughly
cleaned before each test.
Locomotion of the animals was recorded and analyzed by a
computerized imaging analysis system (Ethovision, Noldus
Information Technology, Wageningen, the Netherlands), in
which an inner smaller square, with sides of 40 cm was designed
to represent the central zone. The following parameters were
determined: total distance traveled, number of visits to the
central zone, and time spent in the central zone. Additionally,
duration and frequencies of freezing, grooming and rearing
behaviors were measured manually using the Registration
Software ‘‘blindly’’ by two independent experimenters.
2.4.3. Elevated plus maze (EPM)
Rats were tested between 0900 h and 1200 h, during the light
phase of the cycle, in a moderately illuminated room. The
apparatus was at a distance of 60 cm above the ground and
was constructed of a black plastic floor and gray plastic walls
40 cm high, for the closed compartments. The size of the
central platform was 10 cm  10 cm and of the arms
50 cm  10 cm. Each rat was placed in the central platform,
facing an open arm and was left to explore for 5 min, while
being video recorded. A strict definition of an arm entry or
exit was used: all four paws had to be within (entry) or
outside (exit) the arm. The following were measured: num-
ber of entries into open arms, number of entries into closed
arms, time spent in open arms, time spent in closed arms, and
time spent in the central square. In addition, the percent of
entries and time spent in the open arms were calculated.2.5. Radioimmunoassay (RIA) for corticosterone
The experiments were performed between 08:30 h and
14:00 h when plasma corticosterone levels are stable, at
least for the adult rats (Kwak et al., 1992). Trunk blood
was used to estimate corticosterone response 2 h after the
end of training on PND 10, 11 and 12, and immediately after
the memory trial on PND13, for the neonates. Pups of the DER
and RER groups sacrificed on PND11, 12 and 13 had been
exposed to the respective training on the previous days
(PND10, PND10 and 11, and PND10, 11, 12, for the three
different time points). Control pups were sacrificed imme-
diately after being taken out from their nest. In adulthood,
from each animal three plasma samples were collected from
tail vein blood: One for the determination of plasma corti-
costerone levels under basal conditions (on day 80 of age);
the second for fear conditioning stress-induced levels 30 min
after the end of fear conditioning training, on day 1; and the
third 30 min after the end of cue-related memory testing on
day 3. Blood sampling from the tail vein lasted 1—2 min.
Samples were collected in ice-chilled EDTA coated micro-
capillary tubes (Sarstedt), which were then centrifuged at
3000 rpm for 10 min to collect plasma. All plasma samples
were stored at 20 8C until radioimmunoassay (RIA). Plasma
corticosterone concentration were measured as described in
Enthoven et al., 2010 using commercially available RIA kits
containing 125Iodine labeled corticosterone (variance: inter-
assay 6.9%, intra-assay 7.3%) (ICN Biomedicals Inc., CA, USA).
Corticosterone concentrations were determined in duplicate
against an extended standard curve (0, 3, 6.25, 12.5, 25, 50,
100, 250, 500, 1000 ng corticosterone/ml). Vials for RIA were
counted for 2 min in a gamma-scintillation counter (Packard
Minaxi Gamma counter, Series 5000). Radioimmunoassays
were performed in the Division of Medical Pharmacology,
Leiden/Amsterdam Centre for Drug Research (LACDR)/Lei-
den University Medical Centre (LUMC), University of Leiden.
2.6. c-Fos immunohistochemistry
Numbers of c-Fos immunopositive cells were determined in
the neonatal rat brain in the central (CeA) and the basolat-
eral amygdaloid nucleus (BLA) on PND10 and 12, 2 h after the
end of training, i.e. following the last training trial, in order
to assess activation of the amygdala as a response to the
experimental training in the T-maze, in both experimental
groups, as well as, in the CTR, non-handled group. Further-
more, c-Fos immunoreactivity was measured in adult brain
2 h after the cue memory test (48 h after fear conditioning) in
CeA and BLA.
Animals used for immunohistochemistry were deeply
anesthetized, decapitated and brains were isolated and
frozen in 40 8C isopentane. Twenty-micrometer sections
were cut on a cryostat (Leica CM1900, Nussloch, Germany)
at 17 8C, collected on silane-coated slides and stored at
80 8C until further processing. Then, sections were thawed,
post-fixed with ice-cold 4% paraformaldehyde in 0.1 M phos-
phate buffer for 1 h and incubated in 1% H2O2 for 4—5 min.
Then washed in phosphate-buffered saline (PBS) (3 5 min)
and incubated in blocking solution (namely PBS+), containing
0.2%Triton X-100, 2% BSA and 0.5% normal goat serum (NGS)
(DakoCytomation, Denmark) in PBS for 1 h at RT. Sections
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clonal anti-c-Fos antibody (sc:52, Santa Cruz, USA) at a
dilution of 1:2000 in blocking solution (PBS+). Following
incubation with the primary antibody, slides were washed
in PBS (3 5 min) and incubated for 2 h at room temperature
with a biotinylated goat anti-rabbit secondary antibody
(AP132B, Millipore, dilution 1:200 in PBS+). Following several
rinses in PBS, slides were exposed to the ABC reagent (Dako-
Cytomation, Denmark) for 60 min at room temperature.
Slides were then washed in PBS and stained with 3,30-diami-
nobenzidine (DAB) (1.7 mM, Sigma—Aldrich, USA) diluted in
Tris—HCl buffer (10 mM, pH = 7.6) and 0.03% H2O2 for 2—
5 min at room temperature. Finally, they were washed,
dehydrated, and coverslipped with DePex (SERVA, Germany)
and analyzed microscopically under a brightfield microscope.
No staining was observed on sections incubated either with-
out the primary antibody, or with primary antibody pre-
incubated with 10-fold excess of the blocking peptide (sc-
52 P, Santa Cruz, USA).
2.7. Phospho(Ser10)-Acetyl(Lys14)-Histone-3
(pAcH3) immunohistochemistry
Numbers of pAcH3 immunopositive cells were determined in
the central (CeA) and basolateral amygdala (BLA) of adult
animals under basal conditions as described above for c-Fos
with the following modifications: Sections were post-fixed
with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer
for 1 h, washed in phosphate-buffered saline (PBS) (3 5 min)
and incubated in blocking solution containing 0.4%Triton X-
100 and 10% normal goat serum (NGS) (DakoCytomation,
Denmark) in PBS for 1 h at RT. Sections were then incubated
overnight at 4 8C with the rabbit polyclonal anti-phospho(-
Ser10)-Acetyl(Lys14)-Histone-3 antibody (Cat. # 07-081,
Millipore, Temecula, CA, USA) at a dilution of 1:500 in
blocking solution. No staining was observed on sections
incubated without the primary antibody.
2.8. Double c-Fos- pAcH3 immunofluorescence
Co-localization of c-Fos and pAcH3 labeling was identified
in the central amygdala (CeA) of adult animals 2 h after the
cue memory test (48 h after fear conditioning) by double,
direct immunofluorescence. Primary antibodies were
directly labeled with fluorochromes (Mix-n-Stain kit, Bio-
tium, Hayward, CA, USA) according to the manufacturer’s
instructions: Anti-c-Fos was labeled with CF-488A (green
color) and anti-pAcH3 with CF-555 (red color). The proce-
dure followed for immunolabeling was similar to that
described above for pAcH3 immunolabeling with the fol-
lowing modifications: Brain sections were post-fixed with
ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer for
1 h, washed in phosphate-buffered saline (PBS) (3 5 min)
and incubated for 3 overnights at 4 8C with the CF-488A
labeled rabbit polyclonal anti-c-Fos antibody (sc:52, Santa
Cruz, USA) at a dilution of 1:2000. Following incubation
with this primary antibody, slides were washed in PBS (3
5 min) and then incubated for 48 h 4 8C with the CF-555
labeled rabbit polyclonal anti-phospho(Ser10)-Acet-
yl(Lys14)-Histone-3 antibody (Cat. # 07-081, Millipore,
Temecula, CA, USA) at a dilution of 1:500. Labeled sectionswere observed under a confocal microscope (LEICA Micro-
systems, Nussloch, Germany).
2.9. Cell counting and image analysis
For all cell counting the image analysis program ‘‘Image Pro
Plus’’ (Media Cybernetics, USA) was used. All brain areas
were defined according to the anatomical atlases of Rama-
chandra and Subramanian (2011) for the neonates and of
Paxinos and Watson for the adult animals (2005). We deter-
mined the number of c-Fos or pAcH3 immunopositive cells for
each brain area analyzed in three randomly selected sections
within the following antero-posterior range: For neonates
P14-c19 to P14-c21; for adults Bregma 2.28 to 2.64. Cell
counting was performed ‘‘blindly’’ by two independent inves-
tigators. In each brain section, cells were counted in two to
three different optical fields of CeA in both neonates and
adult animals, as well as of BLA in adult animals; specifically
for the BLA of neonates, the number of immunopositive cells
was counted in each section analyzed, in one optical field
including BLAs entire cross-sectional area. In the different
brain areas, the number of positive cells per optical field of
each animal was the average value calculated from the data
of the optical fields of these areas in all brain sections
evaluated.
2.10. Statistical analysis
Corticosterone data obtained on the different postnatal days
during the neonatal period were analyzed by two-way ana-
lysis of variance (ANOVA) with the group of rats (DER, RER,
CTR) and the postnatal day as the independent factors.
Neurochemical data from c-Fos immunohistochemistry on
the different amygdalar regions of neonatal brains were
analyzed by two-way ANOVA with the group of rats (DER,
RER, CTR) and the postnatal day as the independent factors.
It should be noted that the effects of sex on corticosterone
and c-Fos levels in neonates have been tested with three-way
ANOVAs with sex, group and postnatal day as the independent
factors. No main effect of sex or sex  group, sex  postnatal
day or sex  group  postnatal day interaction has been
observed. Thus, the data for both male and female pups
were collapsed and further analyzed as described above.
Maternal behavior was analyzed by ANOVA with the experi-
mental group as the between subjects factor and the three
recording days as the within subject factor. The different
behaviors during the contextual FC, EPM, and OF were
analyzed by two-way ANOVA with the group of rats (DER,
RER, CTR) and the sex as the independent factors. Data on
freezing behavior during the 5 trials of cued FC were analyzed
by ANOVA with the group of animals and sex as the between
subjects factors and the trial as the within subject factor.
Corticosterone data on the different time points during
adulthood in relation to FC were analyzed by ANOVA with
the group of rats (DER, RER, CTR) and the sex as the between
subjects factors and time points as the within subject factor.
Neurochemical data from c-Fos or pAcH3 immuno-histochem-
istry on the different amygdalar regions of adult brains were
analyzed by two-way ANOVA with the group of rats (DER, RER,
CTR) and the sex as the independent factors. The Bonferroni
test for post hoc analysis was used when appropriate. All
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ware. Statistical significance was set at p < 0.05.
3. Results
3.1. Corticosterone response following training
in the T-maze, PND 10—13 (Fig. 2)
Corticosterone levels following training in the T-maze chan-
ged over days in a group-dependent manner (two-way ANOVA
for day and group: group  day interaction F(6, 112) = 8.228,
p < 0.0001). More specifically, DER rat pups had an increased
corticosterone response when compared to the RER or CTR
pups after the first day of training in the T-maze (PND10)
(F(2, 27) = 15.577, post hoc #DER vs. RER, *DER vs. CTR
p < 0.001). This higher corticosterone response of the DER
pups was not maintained on the following days of training,
indicating that the system probably habituates after the
initial response. On the other hand, CTR pups slowly
increased their corticosterone levels, as expected, as they
approached the end of the stress hyporesponsive period.
More specifically, CTR pups had increased corticosterone
levels when compared to both the RER and the DER pups
on PND 11 (F(2, 27) = 6.178, p = 0.007; post hoc * CTR vs. DER
p = 0.05, § vs. RER p = 0.007) and on PND12 (F(2,
28) = 22.979, p < 0.0001; post hoc * CTR vs. DER, § vs. RER
p < 0.001).
3.2. Neonatal training in the T-maze under
denial of maternal reward leads to increased
amygdalar activation, in both the central and the
basolateral nuclei, as assessed by c-Fos
immunohistochemistry (Fig. 3)
Amygdalar activation was evaluated by c-Fos immunohisto-
chemistry, since c-Fos levels have been widely used as aFigure 2 Corticosterone levels in the DER and RER pups 2 h
following training as well as in CTR pups on PND10—13. Note that
on PND13, plasma samples were collected from pups sacrificed
immediately after the memory trial (PND13p). Values are Mean-
s  Standard Error of the Mean (S.E.M.). Symbols denote post hoc
comparisons, p < 0.05 (#DER vs. RER, *DER vs. CTR, §RER vs.
CTR).marker of neuronal activation. In order to assess amygdalar
progressive activation over training, we chose to measure c-
Fos immunoreactivity after the end of the first day of training
(PND10) and after the end of the third day of training
(PND12), which also corresponds to the end of the SHRP.
Using two-way ANOVA, with group and postnatal day as the
independent factors for each area [i.e. central amygdala
(CeA); basolateral amygdala (BLA)], we found a significant
group  day interaction (F(5, 32) = 5.274; p = 0.012) for the
CeA. Further analysis showed that only on PND10, DER pups
showed enhanced CeA activation (group effect, F(2,
16) = 8.362, p = 0.004) when compared to the RER (post
hoc, #DER vs. RER, p = 0.048) and the CTR (post hoc, *DER
vs. CTR, p = 0.001). Statistical analysis of the data regarding
the BLA, also revealed a significant group  day interaction
(F(5, 32) = 3.927; p = 0.032): Similarly to the CeA, only on
PND10, DER pups exhibit higher BLA activation (group effect,
F(2, 16) = 10.703, p = 0.002) when compared to the RER (post
hoc, #DER vs. RER, p = 0.048) and the CTR (post hoc, *DER vs.
CTR, p = 0.001). No differences were detected among groups
on PND 12, neither in the CeA, nor in the BLA.
3.3. Maternal behavior toward litters trained in
the T-maze (Table 1)
Dams of either DER or RER litters showed increased licking
and arched-back nursing behavior compared to dams of
control pups as revealed by ANOVA with the experimental
group as the between subjects factor and the three recording
days as the within subject factor: Main effect of experimen-
tal group, F2,21 = 6.258, p = 0.007; Bonferroni post hoc ana-
lysis, p < 0.05 for both *DER vs. CTR and §RER vs. CTR (Table
1A). On the contrary, dams of control litters were found off
pups more often than dams of either DER or RER litters [Main
effect of group: F2,21 = 8.038, p = 0.003; Bonferroni post hoc
analysis, p < 0.05 for both *DER vs. CTR and §RER vs. CTR
(Table 1B)]. It should be noted that maternal behavior was
recorded in litters whose pups were exposed to the training
on all four days (PND10—13) and the memory trial on PND13
and were allowed to reach adulthood. Thus, pups whose
corticosterone levels were determined were exposed to
the increased maternal care and presence for shorter periods
of time; on PND10 for only 2 h.
3.4. Fear memory in adulthood is enhanced by
an early life history of reward of maternal
contact in a sex dependent manner (Fig. 4-I)
When rats were tested in adulthood in a fear conditioning
paradigm, RER male rats showed a clear memory advantage
over the DER or CTR rats, both for contextual-related fear
memory and for cue fear memory. In detail, two-way ANOVA
revealed a statistically significant group  sex interaction in
memory for context (F(2, 58) = 3.186, p = 0.049), tested 24 h
after conditioning. Further analysis showed that contextual
memory performance was enhanced in the RER males (group
effect F(2, 31) = 12.845, p < 0.0001), when compared to
both the DER (#p < 0.001) and the CTR (§p = 0.001). In the
females contextual fear memory was lower in the CTR,
compared to the RER (group effect F(2, 26) = 4.812,
p = 0.017; post hoc, §p = 0.019).
Figure 3 Effects of neonatal training on the activation of central (CeA) and basolateral amygdala (BLA). (I) Bars depict Mean-
s  S.E.M. of the number of c-Fos immunopositive cells per optical field in the CeA, and in cross-sections throughout the BLA. Post hoc
comparisons, #DER vs. RER, *DER vs. CTR, p < 0.05. (II) Representative photomicrographs of c-Fos immunohistochemistry in CeA (A—C)
and BLA (D—F) from DER, RER and CTR PND10 animals. Arrows point to c-Fos immunopositive cells exemplary of those included in the
counting. Scale bar in C corresponds to 50 mm and in F to 100 mm.
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trial  group  sex interaction [F(8, 212) = 3.147,
p = 0.002]. Male rats belonging to the RER group showed
an increased fear memory for cue, 48 h after conditioning,
when compared to both the DER and the CTR. Specifically,
RER male rats seem to retrieve cue fear memory rapidly and
to sustain high levels of freezing to cue, whereas the CTR andTable 1 Maternal behavior received by DER, RER and CTR
pups.
Experimental group PND10 PND11 PND12
A. Licking and arched-back nursing behavior
DER* 4.9  0.5 5.6  0.9 6.8  1.2
RER§ 4.8  0.7 4.8  1.0 6.0  1.0
CTR 3.5  0.8 3.8  0.7 2.3  0.8
B. Off pups
DER* 11.9  1.2 10.5  0.9 10.5  1.6
RER§ 11.3  0.9 11.0  1.2 11.1  1.0
CTR 14.3  1.6 14.0  0.9 16.4  1.2
p < 0.05 for both *DER vs. CTR and §RER vs. CTR; n = 8 per group.particularly the DER, delay reaching their maximum levels of
freezing to cues (trial 1: group effect F(2, 32) = 7.592,
p = 0.002, post hoc RER vs. DER, p = 0.002, vs. CTR,
p = 0.043; trial 2: group effect F(2, 32) = 6.255, p = 0.006,
post hoc RER vs., DER p = 0.005, vs. CTR, p = 0.890). The RER
maintained a sustained freezing response, with freezing time
unchanged even in the last cue presentation while the CTR
and the DER animals show a decrease in their freezing
behavior (trial 5: group effect F(2, 32) = 6.034, p = 0.006;
post hoc RER vs. DER p = 0.019, vs. CTR p = 0.014). No group
differences in cue fear memory were found among the female
rats.
3.5. Neonatal learning of a T-maze, either under
maternal reward or its denial, is linked to
decreased corticosterone release following fear
conditioning and fear memory retrieval in
adulthood (Fig. 4-II)
In adulthood, fear conditioning training, as well as memory
retrieval for cue 48 h later, lead to increased corticosterone
Figure 4 Effects of early life experience in the T-maze on I. Fear memory dependent on context (left) and cue (right), in adulthood
and II. Corticosterone levels under basal conditions and after fear conditioning and cue fear memory retrieval. Bars and points depict
Means  S.E.M. Symbols represent post hoc comparisons: #DER vs. RER, *DER vs. CTR, §RER vs. CTR, p < 0.05. zBasal vs. conditioning/
memory, ^ males vs. females, p < 0.05.
1764 A. Diamantopoulou et al.secretion (compared to basal levels) in all groups (two-way
ANOVA with repeated measures, condition effect F(2,
106) = 109.889, z p < 0.0001). Moreover, a significant con-
dition  group  sex interaction was observed (F(4,
106) = 2.785, p = 0.030). Further analysis showed that the
male CTR rats had increased corticosterone levels both after
conditioning (group effect, F(2, 34) = 6.678, p = 0.004) and
after cued memory retrieval (group effect, F(2, 34) = 11.780,
p < 0.001), when compared to the DER (post hoc; * condi-
tioning: p = 0.008, memory: p < 0.001) or the RER (post hoc;
§ conditioning: p = 0.010, memory: p = 0.007). Among
females, no statistical difference was observed between
the experimental groups under any condition. Overall, as
expected (Beiko et al., 2004; Kant et al., 1983), female rats
had increased corticosterone levels, both at basal conditions
(sex effect, F(1, 59) = 51.419, p < 0.0001) and after FC
(conditioning: F(1, 59) = 34.856, p < 0.0001; memory: F(1,
59) = 31.522, p < 0.0001).
3.6. Neonatal learning of a T-maze, under denial
of maternal reward results in increased
activation of the adult amygdala in a sex-
dimorphic way (Fig. 5)
Analysis of the data on the number of c-Fos immunopositive
cells in the CeA of the adult brains of DER, RER and CTR rats ofboth sexes, 2 h after the cue fear memory revealed a sig-
nificant group  sex interaction (F(2, 28) = 6.343, p = 0.006).
Further analysis revealed that it is the male DER rats that
have increased CeA activation (F(2, 15) = 15.264,
p < 0.0001), when compared to the RER (post hoc,
#p = 0.001) and the CTR (post hoc, *p = 0.002). No group
differences were detected in the female rats.
Analysis of c-Fos immunoreactivity data from the BLA in
the adult brains of DER, RER and CTR rats of both sexes did
not reveal any group or sex difference, or group  sex inter-
action (data not shown).
3.7. The different early life experiences do not
lead to differences in emotionality, as assessed
by EPM and OF (Fig. 6)
Analysis of the number of entries in closed arms, the per-
centage of entries in open arms and the percentage of time
spent in open arms in the EPM revealed no group differences
[Group effects: F(2, 57) = 1.216, p = 0.305, F(2, 57) = 1.204,
p = 0.308 and F(2, 57) = 1.227, p = 0.302, respectively]. How-
ever, there was an effect of sex, with female rats having
increased values in all these three parameters compared to
the male (entries in closed arms: (F(1, 57) = 34.094,
p < 0.0001; % entries in open arms F(1, 57) = 11.365,
p = 0.001; % time in open arms: F(1, 57) = 7.340,
Figure 5 Effects of neonatal training on the activation of the central amygdala (CeA) in the adult brain following fear memory for
cue. (I) Bars depict Means  S.E.M. of the number of c-Fos immunopositive cells per optical field. Post hoc comparisons, #DER vs. RER,
*DER vs. CTR, p < 0.05. (II) Representative photomicrographs of c-Fos immunohistochemistry in the CeA from DER (A), RER (B) and CTR
(C) adult male animals. Arrows point to immunopositive cells exemplary of those included in the counting. Scale bar in C corresponds to
50 mm.
An early experience affecting the rat amygdala 1765p = 0.009)), in agreement with previous work (Lehmann
et al., 1999).
In the OF, when the number of rearings was analyzed,
there was a group effect (F(2, 56) = 8.889, p < 0.0001): DER
rats of both sexes had higher number of rearings when
compared to the CTR (post hoc, *p < 0.001) and marginally
statistically significantly higher when compared to the RER
(post hoc, #p = 0.074). No group or sex effect or group  sex
interaction was revealed when the time spent in the center of
the arena was analyzed [group effect F(2, 55) = 1.698,
p = 0.193; sex effect F(2, 55) = 1.729, p = 0.195; group  sex
sex interaction F(2, 55) = 0.145, p = 0.866] however there
was a sex effect on the total distance covered in the arena:
female rats, irrespective of group, covered more distance (in
cm) than male rats (F(1, 55) = 65.743, p < 0.0001), as
expected (Lehmann et al., 1999).
3.8. Long-term epigenetic effects of the
neonatal training (under maternal reward, or its
denial) in the T-maze as assessed by pAcH3
immunohistochemistry in the adult rat amygdala
(Fig. 7)
Two way ANOVA with the group of animals (DER, RER, CTR)
and sex as the independent factors, revealed a significantgroup  sex interaction in the data on the number of pAcH3
immunopositive cells in the central amygdaloid nucleus
under basal conditions [F(2, 32) = 5.899, p = 0.007]. Further
analysis showed that among males only the DER animals had
increased pAcH3 levels (F(2, 17) = 12.579, p = 0.001) when
compared to the RER (#DER vs. RER, p = 0.003) or the CTR
(*DER vs. CTR, p = 0.001), while no group difference was
observed among female animals. For the BLA no group or
sex effect or sex  group interaction was identified (data not
shown).
Double immunolabeling revealed that 2 h after the cue
fear memory all cells immunopositive for c-Fos were also
positive for pAcH3 in the CeA (100% co-localization), while
the reverse was not true: there were pAcH3 positive cells
that were not c-Fos positive (Fig. 8).
4. Discussion
The results presented herein document an early amygdalar
activation linked to a specific early life experience of
enhanced negative emotional valence (DER), which never-
theless is not accompanied by increased levels of innate or
learned fear, or anxiety later on in life. On the other hand, a
less aversive early life experience coupled to the reward of
permitting maternal contact (RER) leads to a memory advan-
Figure 6 Effects of the different neonatal experiences on behavior in the EPM (left) and OF (right) in adulthood. Bars depict
Means  S.E.M. Post hoc comparisons, ^ males vs. females, *DER vs. CTR.
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manipulations lead to a lower corticosterone stress response
following the fear conditioning, indicating that they offer an
advantage in dealing with mild stressors, such as the one of
the paradigm used. The DER early experience results in
adulthood in increased activation of the amygdala following
fear conditioning. These long-term effects of the DER experi-
ence could be mediated by epigenetic modifications, as
indicated by our results showing increased levels of phos-
pho-acetyl-histone-3, in the amygdala of adult DER males.
Interestingly, the long-term effects of the DER and RER early
experiences were observed only in males.
The first exposure, on PND10, to the neonatal experience
of being denied the expected reward of maternal contact was
stressful for the pups, resulting in an increase of corticoster-
one. However, repeated exposure to the same experience
during the following days (PND11—13) did not lead to a
corticosterone increase in response to the experience, indi-
cating habituation. The increased corticosterone levels
found in the DER pups following training on PND10 is remi-
niscent of the initial responses to maternal separation often
observed, as well as of the increase in corticosterone follow-
ing exposure of separated rats to mild stressors such as
novelty during the neonatal period (Rosenfeld et al.,
1992). A habituation of the newborn rat’s stress system overrepeated separation events has also been reported by others.
For example, it was shown that the rise in plasma corticos-
terone induced by a single 8h-maternal separation on PND5
was abolished, when this separation procedure had also been
performed on PND3 and 4 (Daskalakis et al., 2011; Enthoven
et al., 2008). A further consequence of the DER experience
was to maintain corticosterone levels low throughout the
final stages of the SHRP period (PND11—13), preventing the
increase in corticosterone levels normally occurring during
this period.
On the other hand, the challenging experience involving
learning terminated by a rewarding event, i.e. permission of
maternal contact (RER) results in corticosterone levels that
are lower than those measured in the CTR pups during the
respective postnatal days. Furthermore, this early life
experience, similarly to the DER, delays the exit from SHRP.
It should be noted that maternal care (licking, grooming and
arched-back nursing) upon return to the home cage was
higher in the two experimental groups (RER and DER) than
the controls, while the opposite held true for the time
mothers spent off the pups. This increased maternal pre-
sence and care could mediate the low corticosterone levels
observed in the RER and DER pups on PNDs 11 and 12, since it
has been reported that the presence of the mother maintains
low corticosterone levels in the pups (Stanton et al., 1987;
Figure 7 Epigenetic histone modifications induced by the neonatal experiences on the adult rat amygdala under basal conditions. (I)
Bars depict Means  S.E.M. of the number of pAcH3 immunopositive cells. Post hoc comparisons, #DER vs. RER, *DER vs. CTR, p < 0.05.
(II) Representative photomicrographs of pAcH3 immunohistochemistry in the CeA from DER (A), RER (B) and CTR (C) adult male animals.
Black arrows point to immunopositive cells exemplary of those included in the counting. Scale bar in C corresponds to 25 mm.
An early experience affecting the rat amygdala 1767Moriceau and Sullivan, 2006). On PND10 in the DER pups, the
beneficial effects of improved maternal behavior, which
lasted only 2 h, appears to be insufficient to counteract
the rise in corticosterone induced by the stressful compo-
nents of the DER experience.
Both the DER and RER experience resulted in lower corti-
costerone levels following the fairly mild (1 0.5 mA) stress
of fear conditioning, resembling the effects of neonatal
handling. This latter early experience resulted in adulthood
in lower corticosterone levels upon re-exposure of rats to the
box in which they had received an inescapable foot shock (3
0.8 mA), 24 h earlier (Meerlo et al., 1999). The lower stress
reactivity of the DER and RER — compared to the CTR — couldFigure 8 Representative photomicrograph of cells doubly labeled f
memory test. White arrows point to doubly immunofluorescent cell
reverse being true: there were pAcH3 positive cells that were not c-F
figure legend, the reader is referred to the web version of the articreflect an enhanced negative feedback, as is also the case for
handled animals (Meaney et al., 1993).
Our early life manipulations did not lead to any effects on
emotionality and locomotion as assessed in the EPM task. In
the OF the only parameter shown to differ between the
groups was the number of rearings: DER rats, both males
and females, exhibited significantly more rearing behavior
when compared to the CTR. Thus, although there is no
difference in overall locomotion, measured by total distance
covered, or anxiety, assessed by the amount of time spent in
the center of the arena, it seems that the DER animals exhibit
an increased exploratory behavior. The RER experience,
whose adversity valence is minimal, had no effect onor pAcH3 (red) and c-Fos (green) in the CeA 2 h after the cue fear
s. All c-Fos positive cells were also pAcH3 positive, without the
os positive. (For interpretation of the references to color in this
le.)
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strongly aversive early experience of maternal separation/
deprivation has often been found not to affect adult anxiety
and emotionality (Lehmann et al., 1999; Roman et al., 2006).
However, there are other reports that maternal separation
increases adult emotionality (Daniels et al., 2004). The dis-
crepancies regarding the effects of maternal separation on
adult emotionality are related to the protocol employed and
in particular the duration and frequency of the separation
from the mother, as well as the age of the pups at which they
are subjected to this experimental manipulation (Lehmann
and Feldon, 2000). In contrast to maternal separation/depri-
vation, neonatal handling has been linked to reduced emo-
tionality and anxiety in adult rats, as assessed by the OF and
the EPM (Meaney et al., 1991; Meerlo et al., 1999; Tejedor-
Real et al., 1998).
Early life stress has been shown to disrupt HPA axis and
limbic system development, leading to mental health deficits
(De Bellis, 2005; Gunnar and Quevedo, 2007). The neural
circuit mostly affected by early life stress overlaps with that
mediating attachment of the young to the mother via learn-
ing of the maternal odor (Moriceau et al., 2006; Sullivan
et al., 2000). This same neural circuit attenuates aversive
odor learning to ensure a stable attachment to the caregiver
(Roth and Sullivan, 2005), via suppression of the amygdala by
the pups’ naturally low corticosterone (Moriceau and Sulli-
van, 2006; Moriceau et al., 2006). In older animals, corti-
costerone increases and leads to activation of the amygdala
(Korosi and Baram, 2008), and the emergence of (olfactory)
fear conditioning, acting as a switch between attraction and
fear (Moriceau and Sullivan, 2006). In our paradigm, we
showed that neonatal training under denial of the reward
of maternal contact leads to an early transient rise of corti-
costerone, which could mediate the maturation of the amyg-
dala thus enabling their DER-induced activation, also observed
(by c-Fos expression) in the 10 day old DER pups. Although still
within the SHRP, the DER experience contains stressful enough
components to lead to such an activation. It should be pointed
out that increased corticosterone levels during the neonatal
period permit the activation of amygdala following a stressful
stimulus. Thus, in the CTR pups no activation of the amygdala is
observed, in spite of the increased levels of corticosterone
occurring between PND10 and 12 as a result of the normal
developmental pattern, since these animals are not exposed to
any stressful stimulus. The stress-induced early amygdalar
activation in the DER pups could modulate programming of
amygdalar function and subsequent amygdala-dependent
behaviors later in life.
Indeed in adulthood, the DER males, had more activated
amygdala as shown by c-Fos immunohistochemistry, com-
pared to the RER and CTR. The programming of adult amyg-
dalar function by the DER early experience could be mediated
through epigenetic modifications of histones leading to chro-
matin opening, as indicated by our results showing increased
levels of phospho-acetyl-histone-3 in the amygdala of the
DER males. Similar epigenetic changes have been also shown
by others (Weaver et al., 2004) to mediate the long-term
effects of increased maternal care. The chromatin opening
would mediate changes in the expression of genes related to
plasticity and coding for transcription factors, one of which is
c-fos, which could then mediate pleitropic effects. Indeed
our results showing that all cells in the CeA expressing c-Fosfollowing cue fear memory also express pAcH3, support this
proposition. In agreement with our data it has been shown
that neuronal activity-induced expression of c-fos requires
phosphorylation and acetylation of histone 3 (Chandramohan
et al., 2007).
It should be noted that the DER males had increased
activation of the amygdala, while their degree of freezing
did not differ from that of the controls. These results might at
first appear contradictory, but there is ample evidence in the
literature supporting that freezing behavior is not related to
the degree of c-Fos expression (Holahan and White, 2004;
Milanovic et al., 1998), since they constitute manifestations of
different processes. Expression of c-Fos in the amygdala in fear
conditioning has been suggested to be an index of neuronal
activation induced by the representation of the unconditioned
stimulus (Holahan and White, 2004). On the other hand,
freezing is the motor behavior elicited by amygdalar output,
but modulated through a complex neuronal network involving
serotonergic, dopaminergic and GABAergic innervation in the
dorsomedial prefrontal cortex and the hippocampus (Pezze
et al., 2003; Lehner et al., 2008, 2010; Sotres-Bayon and Quirk,
2010). Even within the CeA it has been shown that there are
two distinct populations, one of which elicits freezing while
the other inhibits it (Haubensak et al., 2010).
The neonatal experience linked to the reward of maternal
contact appears to provide a cognitive benefit in a fear
conditioning paradigm. Adult RER male rats show an
increased memory for both context- and cue-associated
components of the conditioned fear experience, when com-
pared to either the DER or the control. Our combined results
on fear conditioning, EPM and OF could suggest that the RER
experience has a specific effect on memory of emotional
stimuli, without affecting emotionality per se. Lehmann
et al. (1999, 2000) have reported results analogous to ours
showing that another early experience model, maternal
separation, leads to increased fear learning and memory in
adulthood, without affecting emotionality as assessed in the
OF and EPM. Furthermore, there is good evidence that
learned fear and anxiety are different emotional states
(Blanchard et al., 1991), and that there is a dissociation in
their anatomical substrates (Walker et al., 2003).
The early RER experience seems to result in a state of
increased arousal — as indicated by the higher levels of
noradrenalin of the RER pups (unpublished results). This
programmes the adult organism leading to a behavioral
phenotype of higher vigilance to environmental stimuli —
and thus to the conditioned stimulus (CS)- and a hyper-
functioning brain noradrenergic system (unpublished
results), which could underlie the enhanced fear memory
(De˛biec et al., 2011.). On the other hand, the DER early
experience in which pups finally receive maternal care in
spite of its denial during exposure to the T-maze, could
involve an element of devaluation of stimuli, thus leading
to a contained behavioral reactivity to emotion-laden sti-
muli, such as the CS, in adulthood: The adult DER male
animals did not differ from the controls in their responses
to fear conditioning. Neonatal handling is another early
experience which in most studies has been shown not to
affect the freezing response to fear conditioning (Pryce
et al., 2003; Kosten et al., 2006).
The increased activation of the amygdala in the DER
animals following fear conditioning was observed only in
An early experience affecting the rat amygdala 1769the males and not the females. Furthermore, in females,
there were no differences among the three experimental
groups (DER, RER, CTR) in the basal amygdalar levels of
phospho-acetyl-histone-3 or in corticosterone levels follow-
ing fear conditioning, indicating that the females were less
vulnerable to the effects of the early DER experience. On the
other hand, the lack of effect in females could be attributed
to differences in the estrous cycle. However, there are many
studies showing that male rats are more susceptible to the
long-term effects of early life manipulations (Slotten et al.,
2006; Wells, 1976). This could reflect the differences in the
interactions between the rat mother and her male and
female offspring (Moore and Morelli, 1979), since testoster-
one elicits the expression of increased anogenital licking on
the part of the mother toward her male pups (Moore, 1982).
The early life experience model employed in the present
work allows the study of the effects of two different early life
experiences; one that involves a fair degree of adversity, in
the form of denied maternal reward (DER group), while the
second one is of minor adversity as it is terminated by receipt
of maternal reward (RER group). Our results show that the
degree of adversity of the early experience is not predictive
of inappropriateness of responses to aversive stimuli in adult-
hood. For example the RER animals exhibit an exaggerated
fear response, while the DER contain their expression of fear,
in spite of experiencing the relevant emotional state. Our
results are in agreement with the match—mismatch hypoth-
esis (Schmidt, 2011), according to which it is the congruence
or not of the early and adult stimuli that is important. More
specifically this hypothesis proposes that neonatal experi-
ences of a certain adversity valence can be beneficial in
preparing the organism to face stressful stimuli in the adult
environment. On the other hand, a neonatal environment
that is devoid of challenges can be detrimental for the
development of efficient adult coping abilities.
Role of the funding source
Financial support to A.D., A.R. and M.S.O. as well as for
consumables. A.D. received a scholarship (#10947) by the
European Union (European Social Fund –— ESF) and Greek
national funds through the Operational Program ‘‘Education
and Lifelong Learning’’ of the National Strategic Reference
Framework (NSRF) –— Research Funding Program: Heracleitus
II. Investing in knowledge society through the European
Social Fund. A.R. received a scholarship by ‘‘IKY’’ (Hellenic
state foundation for scholarships). M.S.O. was supported by
IRTG-NWO DN-95-420 and NWO 433-09- 251. A.D. was also
supported by IRTG. Consumables were purchased using grants
to F.S. and A.S. by the special account for research of the
University of Athens (Greece).
Conflict of interest
There is no actual or potential conflict of interest for any of
the co-authors of this paper.
Acknowledgments
The study was supported by the European Union (European
Social Fund — ESF) and Greek national funds through theOperational Program ‘‘Education and Lifelong Learning’’ of
the National Strategic Reference Framework (NSRF) —
Research Funding Program: Heracleitus II. Investing in knowl-
edge society through the European Social Fund, Scholarship
#10947 to A.D., by an ‘‘IKY’’ (Hellenic state foundation for
scholarships) scholarship to A.R., and by the special account
for research of the University of Athens (Greece). M.S.O.
supported by IRTG-NWO DN-95-420 and NWO 433-09-251.
A.D. also supported by IRTG. S.T. is currently at EPFL SV
Brain Mind Institute LGC, Lausanne, Switzerland. We would
like to thank Alexandra Kapiri for technical assistance for the
pAcHistone-3 immunohistochemistry.
References
Archer, J., 1975. Rodent sex differences in emotional and related
behavior. Behav. Biol. 14, 451—479.
Beiko, J., Lander, R., Hampson, E., Boon, F., Cain, D.P., 2004.
Contribution of sex differences in the acute stress response to
sex differences in water maze performance in the rat. Behav.
Brain Res. 151, 239—253.
Blanchard, D.C., Blanchard, R.J., Rodgers, R.J., 1991. Risk assess-
ment and animal models of anxiety. In: Olivier, B., Mos, J.,
Slangen, J.L. (Eds.), Animal Models in Psychopharmacology.
Birkha¨user Verlag, Basel, pp. 117—134.
Chandramohan, Y., Droste, S.K., Reul, J.M., 2007. Novelty stress
induces phospho-acetylation of histone H3 in rat dentate gyrus
granule neurons through coincident signalling via the N-methyl-D-
aspartate receptor and the glucocorticoid receptor: relevance for
c-fos induction. J. Neurochem. 101, 815—828.
Daniels, W.M., Pietersen, C.Y., Carstens, M.E., Stein, D.J., 2004.
Maternal separation in rats leads to anxiety-like behavior and a
blunted ACTH response and altered neurotransmitter levels in
response to a subsequent stressor. Metab. Brain Dis. 19, 3—14.
Daskalakis, N.P., Claessens, S.E., Laboyrie, J.J., Enthoven, L., Oitzl,
M.S., Champagne, D.L., de Kloet, E.R., 2011. The newborn rat’s
stress system readily habituates to repeated and prolonged ma-
ternal separation, while continuing to respond to stressors in
context dependent fashion. Horm. Behav. 60, 165—176.
Davis, M., 1992. The role of the amygdala in fear and anxiety. Annu.
Rev. Neurosci. 15, 353—375.
De Bellis, M.D., 2005. The psychobiology of neglect. Child Maltreat.
10, 150—172.
De˛biec, J., Bush, D.E., LeDoux, J.E., 2011. Noradrenergic enhance-
ment of reconsolidation in the amygdala impairs extinction of
conditioned fear in rats–—a possible mechanism for the persis-
tence of traumatic memories in PTSD. Depress. Anxiety 28,
186—193.
Diamantopoulou, A., Stamatakis, A., Panagiotaropoulos, T., Stylia-
nopoulou, F., 2011. Reward or its denial during the neonatal
period affects adult spatial memory and hippocampal phosphor-
ylated cAMP response element-binding protein levels of both the
neonatal and adult rat. Neuroscience 181, 89—99.
Edinger, K.L., Lee, B., Frye, C.A., 2004. Mnemonic effects of testos-
terone and its 5alpha-reduced metabolites in the conditioned
fear and inhibitory avoidance tasks. Pharmacol. Biochem. Behav.
78, 559—568.
Enthoven, L., Oitzl, M.S., Koning, N., van der Mark, M., de Kloet,
E.R., 2008. Hypothalamic—pituitary—adrenal axis activity of
newborn mice rapidly desensitizes to repeated maternal absence
but becomes highly responsive to novelty. Endocrinology 149,
6366—6377.
Enthoven, L., Schmidt, M.V., Cheung, Y.H., van der Mark, M.H., de
Kloet, E.R., Oitzl, M.S., 2010. Ontogeny of the HPA axis of the CD1
mouse following 24 h maternal deprivation at pnd 3. Int. J. Dev.
Neurosci. 28, 217—224.
1770 A. Diamantopoulou et al.Garoflos, E., Stamatakis, A., Rafrogianni, A., Pondiki, S., Styliano-
poulou, F., 2008. Neonatal handling on the first postnatal day
leads to increased maternal behavior and fos levels in the brain of
the newborn rat. Dev. Psychobiol. 50, 704—713.
Gunnar, M., Quevedo, K., 2007. The neurobiology of stress and
development. Annu. Rev. Psychol. 58, 145—173.
Haubensak, W., Kunwar, P.S., Cai, H., Ciocchi, S., Wall, N.R., Pon-
nusamy, R., Biag, J., Dong, H.W., Deisseroth, K., Callaway, E.M.,
Fanselow, M.S., Lu¨thi, A., Anderson, D.J., 2010. Genetic dissec-
tion of an amygdala microcircuit that gates conditioned fear.
Nature 468, 270—276.
Holahan, M.R., White, N.M., 2004. Amygdala c-Fos induction corre-
sponds to unconditioned and conditioned aversive stimuli but not
to freezing. Behav. Brain Res. 152, 109—120.
Holmes, A., le Guisquet, A.M., Vogel, E., Millstein, R.A., Leman, S.,
Belzung, C., 2005. Early life genetic, epigenetic and environmen-
tal factors shaping emotionality in rodents. Neurosci. Biobehav.
Rev. 29, 1335—1346.
Kant, G.J., Lenox, R.H., Bunnell, B.N., Mougey, E.H., Pennington,
L.L., Meyerhoff, J.L., 1983. Comparison of stress response in male
and female rats: pituitary cyclic AMP and plasma prolactin,
growth hormone and corticosterone. Psychoneuroendocrinology
8, 421—428.
Kim, J.J., Rison, R.A., Fanselow, M.S., 1993. Effects of amygdala,
hippocampus, and periaqueductal gray lesions on short- and long-
term contextual fear. Behav. Neurosci. 107, 1093—1098.
Korosi, A., Baram, T.Z., 2008. The central corticotropin releasing
factor system during development and adulthood. Eur. J. Phar-
macol. 583, 204—214.
Kosten, T.A., Lee, H.J., Kim, J.J., 2006. Early life stress impairs fear
conditioning in adult male and female rats. Brain Res. 1087,
142—150.
Kwak, S.P., Young, E.A., Morano, I., Watson, S.J., Akil, H., 1992.
Diurnal corticotropin-releasing hormone mRNA variation in the
hypothalamus exhibits a rhythm distinct from that of plasma
corticosterone. Neuroendocrinology 55, 74—83.
LeDoux, J., 2003. The emotional brain, fear, and the amygdala. Cell.
Mol. Neurobiol. 23, 727—738.
Lehmann, J., Feldon, J., 2000. Long-term biobehavioral effects of
maternal separation in the rat: consistent or confusing? Rev.
Neurosci. 11, 383—408.
Lehmann, J., Pryce, C.R., Bettschen, D., Feldon, J., 1999. The
maternal separation paradigm and adult emotionality and cogni-
tion in male and female Wistar rats. Pharmacol. Biochem. Behav.
64, 705—715.
Lehmann, J., Sto¨hr, T., Pryce, C.R., 2000. Long-term effects of
prenatal stress experience and postnatal maternal separation
on emotionality and attentional processes. Behav. Brain Res.
107, 133—144.
Lehner, M., Taracha, E., Turzyn´ska, D., Sobolewska, A., Hamed, A.,
Kołoman´ska, P., Sko´rzewska, A., Maciejak, P., Szyndler, J., Bid-
zin´ski, A., Płaz´nik, A., 2008. The role of the dorsomedial part of
the prefrontal cortex serotonergic innervation in rat responses to
the aversively conditioned context: behavioral, biochemical and
immunocytochemical studies. Behav. Brain Res. 192, 203—215.
Lehner, M., Wisłowska-Stanek, A., Sko´rzewska, A., Maciejak, P.,
Szyndler, J., Turzyn´ska, D., Sobolewska, A., Płaz´nik, A., 2010.
Differences in the density of GABA-A receptor alpha-2 subunits
and gephyrin in brain structures of rats selected for low and high
anxiety in basal and fear-stimulated conditions, in a model
of contextual fear conditioning. Neurobiol. Learn. Mem. 94,
499—508.
Macri, S., Mason, G.J., Wurbel, H., 2004. Dissociation in the effects
of neonatal maternal separations on maternal care and the
offspring’s HPA and fear responses in rats. Eur. J. Neurosci.
20, 1017—1024.
Madruga, C., Xavier, L.L., Achaval, M., Sanvitto, G.L., Lucion, A.B.,
2006. Early handling, but not maternal separation, decreasesemotional responses in two paradigms of fear without changes
in mesolimbic dopamine. Behav. Brain Res. 166, 241—246.
McEwen, B.S., 2007. Physiology and neurobiology of stress and
adaptation: central role of the brain. Physiol. Rev. 87, 873—904.
Meaney, M.J., Mitchell, J.B., Aitken, D.H., Bhatnagar, S., Bodnoff,
S.R., Iny, L.J., Sarrieau, A., 1991. The effects of neonatal han-
dling on the development of the adrenocortical response to
stress: implications for neuropathology and cognitive deficits in
later life. Psychoneuroendocrinology 16, 85—103.
Meaney, M.J., Bhatnagar, S., Diorio, J., Larocque, S., Francis, D.,
O’Donnell, D., Shanks, N., Sharma, S., Smythe, J., Viau, V., 1993.
Molecular basis for the development of individual differences in
the hypothalamic-pituitary-adrenal stress response. Cell. Mol.
Neurobiol. 13, 321—347.
Meerlo, P., Horvath, K.M., Nagy, G.M., Bohus, B., Koolhaas, J.M.,
1999. The influence of postnatal handling on adult neuroendo-
crine and behavioural stress reactivity. J. Neuroendocrinol. 11,
925—933.
Milanovic, S., Radulovic, J., Laban, O., Stiedl, O., Henn, F., Spiess,
J., 1998. Production of the Fos protein after contextual fear
conditioning of C57BL/6N mice. Brain Res. 784, 37—47.
Moore, C.L., Morelli, G.A., 1979. Mother rats interact differently
with male and female offspring. J. Comp. Physiol. Psychol. 93,
677—684.
Moore, C.L., 1982. Maternal behavior of rats is affected by hormonal
condition of pups. J. Comp. Physiol. Psychol. 96, 123—129.
Moriceau, S., Sullivan, R.M., 2006. Maternal presence serves as a
switch between learning fear and attraction in infancy. Nat.
Neurosci. 9, 1004—1006.
Moriceau, S., Roth, T.L., Okotoghaide, T., Sullivan, R.M., 2004.
Corticosterone controls the developmental emergence of fear
and amygdala function to predator odors in infant rat pups. Int. J.
Dev. Neurosci. 22, 415—422.
Moriceau, S., Wilson, D.A., Levine, S., Sullivan, R.M., 2006. Dual
circuitry for odor-shock conditioning during infancy: corticoste-
rone switches between fear and attraction via amygdala. J.
Neurosci. 26, 6737—6748.
Panagiotaropoulos, T., Diamantopoulou, A., Stamatakis, A., Dimitro-
poulou, M., Stylianopoulou, F., 2009. Learning of a T-maze by rat
pups when contact with the mother is either permitted or denied.
Neurobiol. Learn. Mem. 91, 2—12.
Paxinos, G., Wattson, C., 2005. The Rat Brain in Stereotaxic
Coordinates, 5th ed. Elsevier, Amsterdam.
Penke, Z., Felszeghy, K., Fernette, B., Sage, D., Nyakas, C., Burlet,
A., 2001. Postnatal maternal deprivation produces long-lasting
modifications of the stress response, feeding and stress-related
behaviour in the rat. Eur. J. Neurosci. 14, 747—755.
Pezze, M.A., Bast, T., Feldon, J., 2003. Significance of dopamine
transmission in the rat medial prefrontal cortex for conditioned
fear. Cereb. Cortex 13, 371—380.
Pryce, C.R., Bettschen, D., Feldon, J., 2001. Comparison of the
effects of early handling and early deprivation on maternal care
in the rat. Dev. Psychobiol. 38, 239—251.
Pryce, C.R., Bettschen, D., Nanz-Bahr, N.I., Feldon, J., 2003. Com-
parison of the effects of early handling and early deprivation on
conditioned stimulus, context, and spatial learning and memory
in adult rats. Behav. Neurosci. 117, 883—893.
Ramachandra, R., Subramanian, T., 2011. Atlas of the Neonatal Rat
Brain. CRC Press, Boca Raton, FL.
Roman, E., Gustafsson, L., Berg, M., Nylander, I., 2006. Behavioral
profiles and stress-induced corticosteroid secretion in male Wis-
tar rats subjected to short and prolonged periods of maternal
separation. Horm. Behav. 50, 736—747.
Rosenfeld, P., Wetmore, J.B., Levine, S., 1992. Effects of repeated
maternal separations on the adrenocortical response to stress of
preweanling rats. Physiol. Behav. 52, 787—791.
Roth, T.L., Sullivan, R.M., 2005. Memory of early maltreatment: neo-
natal behavioral and neural correlates of maternal maltreatment
An early experience affecting the rat amygdala 1771within the context of classical conditioning. Biol. Psychiatry 57,
823—831.
Schmidt, M.V., 2011. Animal models for depression and the mismatch
hypothesis of disease. Psychoneuroendocrinology 36, 330—338.
Slotten, H.A., Kalinichev, M., Hagan, J.J., Marsden, C.A., Fone, K.C.,
2006. Long-lasting changes in behavioural and neuroendocrine
indices in the rat following neonatal maternal separation: gen-
der-dependent effects. Brain Res. 1097, 123—132.
Sotres-Bayon, F., Quirk, G.J., 2010. Prefrontal control of fear: more
than just extinction. Curr. Opin. Neurobiol. 20, 231—235.
Stanton, M.E., Wallstrom, J., Levine, S., 1987. Maternal contact
inhibits pituitary—adrenal stress responses in preweanling rats.
Dev. Psychobiol. 20, 131—145.
Stevenson, C.W., Spicer, C.H., Mason, R., Marsden, C.A., 2009. Early
life programming of fear conditioning and extinction in adult male
rats. Behav. Brain Res. 205, 505—510.
Sullivan, R.M., Stackenwalt, G., Nasr, F., Lemon, C., Wilson, D.A.,
2000. Association of an odor with activation of olfactory bulb
noradrenergic beta-receptors or locus coeruleus stimulation is
sufficient to produce learned approach responses to that odor in
neonatal rats. Behav. Neurosci. 114, 957—962.Sullivan, G.M., Apergis, J., Gorman, J.M., LeDoux, J.E., 2003. Rodent
doxapram model of panic: behavioral effects and c-Fos immuno-
reactivity in the amygdala. Biol. Psychiatry 53, 863—870.
Sullivan, G.M., Apergis, J., Bush, D.E., Johnson, L.R., Hou, M.,
Ledoux, J.E., 2004. Lesions in the bed nucleus of the stria
terminalis disrupt corticosterone and freezing responses elicited
by a contextual but not by a specific cue-conditioned fear stimu-
lus. Neuroscience 128, 7—14.
Tejedor-Real, P., Costela, C., Gibert-Rahola, J., 1998. Neonatal
handling reduces emotional reactivity and susceptibility to
learned helplessness. Involvement of catecholaminergic systems.
Life Sci. 62, 37—50.
Walker, L.D., Toufexis, J.D., Davis, M., 2003. 1. Role of the bed
nucleus of the stria terminalis versus the amygdala in fear, stress,
and anxiety. Eur. J. Pharmacol. 463, 199—216.
Weaver, I.C., Cervoni, N., Champagne, F.A., D’Alessio, A.C.,
Sharma, S., Seckl, J.R., Dymov, S., Szyf, M., Meaney, M.J.,
2004. Epigenetic programming by maternal behavior. Nat. Neu-
rosci. 7, 847—854.
Wells, P.A., 1976. Sex differences in response to early handling in the
rat. J. Psychosom. Res. 20, 259—266.
